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BARIUM-INDUCED NONDIUVEN ACTION POTENTIALS 
gered activity due to early afterdepolarizations occurs in the 
context of delayed repolarization when the membrane po- 
tential is maintained at a less negative potential. A number of 
studies (942) have shown that cardiac tissues develop 
spontaneous action potentials when they are subjected to 
electrical or pharmacologic maneuvers that produce low 
membrane potentials. The propensity in various cardiac 
tissues, especially in Purkinje fibers (7), to give rise to 
nondriven action potentials from depolarized membrane 
potentials may form the basis of arrhythmias in the setting of 
prolonged repolarization. 
The present study was designed to investigate this possi- 
bility in isolated canine Purkinje fibers. Barium was used to 
induce such action potentials because it is known to depo- 
larize the resting potential nd to initiate spontaneous action 
potentiais (13-15). Electrophysiologic features of these ac- 
tion potentials and effects of two major antiarrhythmic 
agents (quinidine a damiodarone), ach having distinctive 
electrophysiologic properties relative to the genesis of tor- 
sade de pointes, were investigated. 
ntal pre tion. Mongrel dogs of either gender 
(we@ing 15 to 25 kg) were anesthetized with sodium 
pentobarbital(30 mg/kg body weight intravenously) and the 
heart was rapidly removed through a thoracotomy and 
dissected in cool oxygenated Tyrode’s olution. Purkinje 
fibers were obtained from both ventricles. The preparations 
were fixed in a tissue bath and superfused with Tyrode’s 
solution aerated with 95% oxygen and 5% carbon dioxide. 
The volume of the tissue bath was 3.0 ml and the turnover 
time in changing the solution was about 5 min. The compo- 
sition of the Tyrode’s olution was as follows (in 
sodium chloride (NaCl) 130.0, potassium chloride (KC 
calcium chloride (CaCl,) 1.8, magnesium sulfate (MgSO,) 
0.5, monosodium phosphate (NaHsPOd 1.8, sodium bicar- 
bonate (NaHCOs) 18.0, and dextrose 5.5; the of 
the solution was 7.25 to 7.35. The experiments ed 
out at 35.5” to36.X; however, during each experiment the 
temperature was monitored and the variation was kept to 
rdiig and prhcol. Transmembrane potentials were 
recorded through two glass microelectrodes filled with 3 M 
KCl, one intracelhdarly and the other extracellularly, placed 
close together. The upstroke of the action potential was 
electronically differentiated to measure the maximal up- 
stroke velocity (V,,,). Preparations were stimulated 
through bipolar extracellular electrodes (Teflon-coated silver 
wire) with rectangular pulses 1 to 2 ms in duration. After 1 h 
of initial equilibration continuously stimulated  1 Hz, the 
membrane potentials were recorded, Preparations with 
membrane potentials that satisfied all of the following crite- 
ria were retained for further experiments: resting potential 
spond to the stimulation. 
deionized water and dt 
achieve a final co~ce~t~ti~~ 
Test solutions each containing 
pamil, isoproterenol 
adequate volume of sto 
to the control solution. 
amount of ethanol solution 
achieve 5.0 x 1O-’ 
solution containing 1 
odarone was made 
darone. Calcium-free solution was made by removm 
sis. The term “‘earl 
caused by inward currents are re 
mean values f SE. Student’s r test (two-tailed) was used to 
make statistical omparisons and alues <0.05 were con- 
sidered to indicate asignificant 
ion in the membrane potentials driven at 1
Hz were characterized by an increase in the action potential 
duration, disappearance of the rapid repolarization in phase 
1 and acceleration f the rate of diastolic d
1). The resting potential remain 
polarized slightly. During this in 
due to early afterdepolarizations could be easily initiated 
with or without slowing the ation 
triggered potentials were ob at lo 
tial (around -20 mV) or at high membrane potential (around 
to abnormal automat~c~ty. All action potentials were recorded from 
Figure 2. AdditioRa~ deQo~d~zatio~s devel 
the re~~ari~atio~ phase (early afte~de~o~a~ 
low membrane potential). a, Action potentials due to 
abnormal a~tomaticity in control so~~t~o~. Note the 
development of an additional de~l~~tio~ in the third 
action potential preceded by transient prolongation of 
ion phase in the second action potential. 
depola~~at~ons with 
tent% exhibiting an oscillatory nature. 
appearance of multiple additional de~o~a~~ations in a 
~~~~a~a~~o~ categ rized into the “irregular group.” 
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isoproterend 
tion phase by additional depolarizations occurred consis- 
tently in almost all action potentials. Even multiple addi- 
tional depolarizations frequently appeared in such 
preparations (Fig. 2d). These preparations were designated 
as representing the “irregular group” and were used to study 
the effects of interventions on additional depolarizations. 
Preliiinary experiments onfour preparations belonging to 
the “regular group” revealed that statistically significant 
change in variables ofthe action potential did not develop 
even after 4 h. Three preparations from the “irregular 
group” showed aconstant appearance of additional depolar- 
izations for >4 h. 
control Ca OmM 
control 
-0 b 3. Bfects of verapaminil a d isoproterenol on
8 potentials. AD Control: Action potentials due to 
abnormal utomatieity n co 
Effects of verapamil at 1.0 X 
decrease in action potential m 
of the action potential s well as of the fir& 
frequemc y . 
the “irregular group.” In all preparations, verap 
to-’ M produced a progressive d crease in
V,,,,, of action potentials; and finally, all activity cease 
without significant change in the resting potential (Fig. SA). 
A rapid disappearance of additional depolarizations oc- 
curred invari 
group.” 
Representative r sults after the superf~si~n with isopro- 
terenol at 2.0 X 1P M we shown in Figf4re 3 
7 OmV 
-50mV 
I I 
1Ocec 
Ca 7.8mM 
Pigure 4. Effects of calcium-free and high calcium solu- 
tions. A, Controk Action potentials due to abnormal 
automaticity n control solution. Co 0 mM: effects of 
calcium-free solution. Action potentials gradually slow 
in frequency and tend to disappear. 
potentials and V,, in which multiple additional depo- 
larizations constantly appeared in control solution (a 
preparation belonging tothe “irregular group”). Cu 7.8 
mM: effects of high calcium (7.8 m&f) solution. in high 
calcium solution all additional depolarizations promptly 
disappeared. 
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Action potentials and 
a biphasic Config~rat~Q~. 
measured at - 
Experiments were pe 
ing to the “regular group.” ~ui~idi~e caused significant creased by 23.4 t 3.6% Ip < 0.01); V,, decreased by 
~i~i~i~e on Action Potentials 
MD? AMP Lx APD_40 
(-mw CmV) W/s) (ms) 
Control 56.2 2 1.7 75.6 t 2.5 13.3 + 1.3 375.1 zc 25.9 
Quinidine 56.2 2 1.6 70.3 + 2.9* 11.1 ? 0.9t 450.6 + 37.9’ 
% change 0.8 2 2.3 -6.9 + 1.8 -15.7 f 4.0 19.1 ? 5.9 
*p c 0.01; fp < 0.05. Values are mean ? SEM (n = 6). Abbreviations as in Table 1. 
Frequency 
(beatslmin) 
60.0 r 5.2 
48.8 -r 4.0* 
- IS.5 -z 2.1 
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6. Effects of amiodarone on nondriven poten- 
change in the action 
amplitude decreased c 
. Amiodarone totally precluded the devel- 
opment of additional depolarizations. 
44.6 f 3.9% (p < 0.01) and the spontaneous firing frequency 
decreased by 41.9 f 5.1% (p < 0.01). There was no 
significant change in the maximal diastolic potential or in the 
action potential duration measured at -40 mV. A moderate 
recovery in the action potential amplitude and V,,, was 
observed after a washout for 30 min with Tyrode’s olution 
containing the same concentration f bovine albumin. In 
contrast, reduced firing frequency did not recover after drug 
washout. 
Six additional experiments were performed on prepara- 
tions belonging to the “irregular group” to determine the 
effects of amiodarone onthe development of riggered poten- 
tials from low membrane potential (Fig. 6B). In all prepara- 
tions, the drug was uniformly effective in preventing the 
development of additional depolarizations. The disappear- 
ance of additiona! depolarizations occurred in 90 min with- 
out measurable change in the action potential duration. 
5SiO 
T of triggered activity. Two types of triggered activ- 
ity due to early afterdepolarizations are induced by cesium 
(6) or qui~idine (3) in isolated 
consists of triggered potentials 
(-20 to -40 mV) having low 
nature. The other arises from 
(-50 to -60 mV) and often gi 
activity in the form of abnormal utomatic&y. In th 
study, we found similar trigge 
fibers during the early phase 
membrane potential, but also there was a consistent 
potentials from earl 
potential. This model enabled the study of the 
of various interventions on these two types 
activity independent of their secondary effect 
influence on the action potential from the normal resting 
PO 
tions in vitro 811 e 
p&es. Clinical experience indicates that torsade de 
pointes almost invariably occurs in the setting of prolonged 
Table 3. Effects of Amiodarone on Action Potentials Due to Abnormal Automaticity 
MDP AMP VilI,, APD Frequency 
t-mV) (mV) (Vls) (ms? (beats/mitt) 
Control 55.2 + 1.1 78.8 + 2.9 13.2 + I.1 370 + 18.2 62.3 + 4.0-- 
Amiodamne 55.4 + I.2 60.0 + 2.7’ 7.3 2 0.8* 340.0 + 21.9 35.5 * 2.88 
% change 1.0 + 1.7 -23.4 + 3.6 -44.6 +- 3.9 -7.9 +- 4.B -41.9 + 5.1 
Washout 55.0 + I.2 72.1 + 2.YS Il.6 f 0.8?* 353.3 + 17.2 
% change 
42.3 r 3.6$ns 
-0.7 * 1.3 -8.3 + 2.0 -10.5 f 3.6 -4.4 2 2.1 -31.0 2 6.5 
*p < 0.01, tp <0.05 compared with control: #p c 0.01. ns = statistically not significant compared with the values in the presence of amiodarone. Values are 
mean + SEM (n = 8). Abbreviations as in Table I. 
resting potential in the presence d low 
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The present s udy raises the possibility hat he unexpect- 
edly low incidence ofclinically occurring torsade de pointes 
seen with amiodarone may be related at least in part to its 
direct suppressant effects on triggered activity from depolar- 
ized membrane potentials; these effects are most likely 
mediated by an inhibitory action on the slow calcium chan- 
nel. Nattel et al. (37) reported a significant suppressant effect 
of amiodarone on slow channel potentials induced by high 
concentrations of external potassium and isoproterenol in 
canine Furkinje fibers. In the rabbit sinus node preparations, 
other investigators (38,39) found a marked reduction i  the 
amplitude of the action potentials associated with the de- 
pression of phase 4depolarization. These findings are in line 
with our observation, suggesting the associated calcium 
channel blocking action as an intrinsic property of the 
amiodarone molecule contributing tothe drug’s inhibitory 
effects on triggered activity in F%rkinje fibers super-fused 
with barium. 
Cllnlcal implleathnns of the study. Our finding that amio- 
darone, unlike other class III agents, has a marked suppres- 
sant effect on the development of calcium channel-de- 
pendent action potentials invitro should be emphasized. If 
the observed low incidence of amiodarone-induced torsade 
de pointes, despite this drug’s primary action of markedly 
prolonging repolarization a d producing significant brady- 
cardia, is shown to be caused by the associated calcium 
channel blocking action, the addition of calcium antagonists 
to regimens of class I11 agents may prove effective in 
preventing and controlling torsade de pointes. These data 
may also be of theoretical importance in providing a scope 
for structure-activity relations as a basis for developing 
newer potent class III antiarrhythmic compounds with a iow 
potential for proarrhythmia in the form of torsade de pointes. 
We are indebted to Andrew Soil, MD for making available the canine hearts 
for these studies and to Medical Media of Wadsworth Veterans Administra- 
tion Hospital, Los Angeles, California for assistance with photography. 
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